Abstract. We investigate optical coherence tomography ͑OCT͒ as a method for imaging bone. The OCT images are compared directly to those of the standard methods of bone histology and microcomputed tomography ͑CT͒ on a single, fixed human femoral trabecular bone sample. An advantage of OCT over bone histology is its noninvasive nature. OCT also images the lamellar structure of trabeculae at slightly higher contrast than normal bone histology.
Introduction
Imaging of the fine structure of bone, especially trabecular bone, is important to understand the processes of bone formation and resorption. [1] [2] [3] [4] This knowledge might help to investigate osteoporosis, for example, 1, 2 or bone-invading tumors. 3, 4 Presently, bone structure is investigated using mainly two standard methods, namely bone histomorphometry/ histochemistry ͑histology͒ and microcomputed tomography ͑CT͒. 5, 6 Small animal ͑rats and mice͒ and bone culturing systems have been developed for the purpose of investigation of a wide variety of processes in metabolic bone. [7] [8] [9] [10] They keep bone samples in a metabolic state for several weeks, allowing the monitoring of these processes. In particular, the interaction between continuous bone growth and resorption in the marrow region can be observed in culture chambers, 8 which is inherently a critical requirement for investigation of osteoporotic or cancerous processes.
Furthermore, dedicated culture chambers, such as the ZETOS, 8, 11 offer the possibility of applying particular forces onto the bone that could, e.g., simulate natural loading forces onto the bone. These forces can be varied regarding frequency, amplitude, and direction, and they stimulate a bone growth reaction in existing bone. 12 The trabecular bone consists of a solid framework of small bone girders as struts and/or plates, called trabeculae. The single trabeculae are covered by bone lining cells and surrounded by bone marrow cells. 13, 14 However, the average thickness of trabeculae, the average density of single trabeculae ͑mineralization density͒, and the bone framework ͑macro architecture͒ density are important parameters, which influence the total bone strength and therefore have to be observed for investigations regarding, e.g., osteoporosis. [15] [16] [17] For analyzing bone growth processes in long-time studies, an appropriate tomographic method has to be used, which should provide threedimensional, high-resolution, and in vitro imaging of bone samples.
A very well accepted imaging technique for monitoring bone structure in vitro/ex vivo is CT.
18-24 It provides imaging capabilities with isotropic resolutions ranging from a few millimeters ͑clinical CT͒, down to few micrometers ͑CT͒, and even further down to a hundred nanometers with synchrotron radiation sources ͑nanoCT͒. Desktop CT is a precise and validated technique and has been used extensively for different research projects involving bone cultures, 18 small animal bones, [19] [20] [21] and trabecular bone specimens from larger animals and humans. 22, 23 However, it uses ionizing x rays for imaging.
In contrast, optical coherence tomography ͑OCT͒ is a nonionizing imaging method. Furthermore, it is an approved method to generate high-resolution, contactless, tomographic images of biological samples. 24, 25 Thus, OCT is exactly matched to the specifications for observing bone growth processes within a bone culturing chamber. However, up to now, bone samples have been investigated with OCT rather sparsely, [26] [27] [28] [29] [30] and the conditions for the applicability of OCT for monitoring bone growth are rather undefined.
In this paper, we analyze the potential of OCT for imaging of a human trabecular bone sample. For validation, the OCT images are directly compared with the corresponding CT and histology images from the same sample position. Such a validation of OCT imaging of trabecular bone has not been reported up to now, to our knowledge. This paper is organized as follows: In Sec. 2, the sample preparation, both imaging systems, and the histology procedure are described. The CT images are compared regarding visualization of the trabecular framework to the OCT images in Sec. 3. Direct comparison of the histology, OCT, and CT is found in Sec. 4, and the conclusion is given in Sec. 5.
Sample Preparation, Imaging Systems, Histology Procedure
The bone samples were extracted from total hip bone replacements of patients with coxarthrosis. Mandatory patient agreement and confirmation by the ethics commission were secured. The bone was kept in a sterile 0.9% sodium chloride solution at 4 to 6°C, to limit the amount of damage caused by heat and to stop the bone from drying out during all cutting procedures. For fixation, the bones were kept in 70% ethanol, stored at 4 to 6°C, and last iteratively dehydrated with ethanol. Xylene was used for degreasing as a preparation step for polymerization with Technovit 9100. The samples were afterward cut into cubes of about 4 ϫ 3 ϫ 4 mm ͑width x height x length͒, and a grid line structure was scratched onto their surfaces. Equidistant vertical ͑500 m͒ and horizontal lines ͑200 m͒ and a labeled corner facilitate imaging navigation during the different measurements. Accurate mapping was performed with surface microscopy as well, with a 3-D overview image acquired by CT. The sample surface, which passed all four imaging methods, is visualized in Fig. 1 by microscopy. Figures 1͑a͒ and 1͑b͒ show the grid lines at the surface of the sample. Figure 1͑b͒ is the zoomed microscopic view of the region of interest ͑ROI͒ from Fig. 1͑a͒ , containing a specific trabecular bone structure. This area is imaged with CT as well as with OCT and last investigated with histology. The three-dimensional data sets of CT and OCT of this region are compared stepwise in two-dimensional images for accurate comparison. The histology images are compared to the OCT images for evaluation of the imaging capability of OCT in the last step.
With the SkinDex300 system from Isis Optronics ͑Man-nheim, Germany͒, OCT images with an axial resolution of 5 m in tissue and with a lateral resolution of 6 m were acquired. This is a time domain OCT system with dynamic focusing using a superluminescence diode ͑SLD͒ with a center wavelength of 1300 nm and a bandwidth of 100 nm ͑FWHM͒. The system operates in an eight-channel acquisition mode, resulting in a frame speed of about 10 frames/ min. The frames have a width of 1.0 mm and a height of 0.9 mm. An additionally implemented micrometer sample positioner in the x direction ͓Fig. 1͑b͔͒ provides a third scanning range for subsequent frames and therefore for three-dimensional imaging. These subsequent images were recorded in 20-m steps over a length of 1.6 mm, resulting in a cuboidal data set of 81 images. In this paper, we compare the images step by step with the CT data in order to demonstrate the high potential of OCT for high-resolution three-dimensional bone imaging.
After the OCT measurements, the three-dimensional microstructure of the bone sample was assessed by microcomputed tomography ͑Skyscan 1172, Skyscan, Kontich, Belgium͒. The sample was scanned using a 6.5-m nominal isotropic resolution at a voltage of 60 kV and a maximum current of 140 A. A 0.5 m Al filter was used in order to obtain a better contrast in the x-ray shadow images and reduce beam hardening artifacts. The exposure time was 316 ms. Image calculation was performed using IPL ͑Image Processing Language, from Scanco Medical, Brüttisellen, Switzerland͒. The acquired images were visually aligned with the OCT images to obtain qualitative comparison.
Last, histology was performed on the sample. For that purpose, the sample was sliced into 4-m thin slices, providing approximately the same lateral resolution as both imaging systems. The slices were first examined under the microscope in an unstained state and subsequently with van-Kossa/ Giemsa staining. These images were again directly compared with the OCT images with accurate position matching.
Comparison of CT with OCT
The CT images are presented in this section, providing an overview over the whole sample and serving as an orientation.
Figures 2͑a͒ and 2͑b͒ depict sample images obtained with
CT at different zoom factors. Figure 2͑a͒ visualizes the whole trabecular framework of the sample, showing the same structure details from A to E as in the microscopic image in Fig. 1͑b͒ . The continuous line in Fig. 2͑b͒ labels the surface of the complete OCT data cuboid ͑1 mmϫ 0.9 mmϫ 1.6mm, W ϫ H ϫ L͒ in which the 81 OCT images were recorded. Selected OCT images within this cuboid are serially lettered from A to H and their scan position line at the surface is depicted with red dashed lines. A typical OCT image of the sample is shown in Fig. 3 .
The detector glass plate and sample surface both appear as bright lines at the top of the image. The scratched equidistant vertical grid lines ͑500 m between͒ at the sample surface are visible at the left and right as well as in the middle. Marrow cell membranes with diameters of about 70 m are clearly visible at upper image areas, while they are at least partially identifiable at the image bottom. Marrow cells appear only weakly beyond the trabeculae, probably due to the high scattering coefficient of the bone material. However, trabeculae themselves and even inner structures of them ͑lamel-lar structure͒ are uncovered over the complete imaging range.
Figures 4͑a͒-4͑h͒ illustrate a sequence of OCT images of the OCT data cuboid. The OCT images ͑blue scaled͒ are directly matched to the corresponding CT images ͑gray scaled͒, allowing an accurate comparison regarding image quality of both imaging systems.
Obviously, both methods demonstrate a very high correlation in visualizing position and thickness of trabeculae. This allows a determination of the average trabecular thickness as well as the density of the trabecular framework in both cases.
But in contrast to OCT, CT does not visualize cell membranes, probably due to the too low x-ray absorption coefficient of soft tissue.
Furthermore, OCT shows signal variations within the bone tissue, which most probably result from the lamellar structure of the trabeculae. However, the comparison with CT does not validate this assumption, because the CT images do not show these structures. The following section therefore compares these lamellar bone structures of the OCT images with the corresponding histological images for further evaluation.
Comparison of OCT with Histology
In Figs. 5 and 6 , a histology image is directly compared to the corresponding OCT and CT images. In the cases of unstained histology ͑a͒ and OCT ͑b͒ in Fig. 5 , lamellar structures of the trabeculae are clearly visible, while they are not visible within the CT image. The histological image therefore validates the image details of the OCT image within the trabeculae. Fig. 6͑a͒ . Silver is used in the Van-Kossa/Giemsa staining as contrast agent, which strongly increases the visibility of the marrow cells and of the mineralized tissue ͓Fig. 6͑a͔͒. Unfortunately, this staining method leads to the total loss of information about lamellar bone structures, which are in contrast again clearly visible in the OCT image in Fig. 6͑b͒ . Cells and lamellar structure may be uncovered synchronously with the appropriate choice of staining agent, e.g., with toluidine blue. 31 For comparison purposes, the corresponding CT image is presented in Fig. 6͑c͒ , visualizing only the shape of the trabecula.
Discussion and Conclusion
OCT and CT demonstrate a high correlation in visualizing trabecular architecture of fixated human bone samples. The
CT system is capable of imaging deeper-lying structures, while the OCT system offers more contrast and therefore more image details than CT of hard and soft tissue at comparable nominal resolutions ͑5 m ϫ 6 m versus 6.5 m ϫ 6.5 m, depth x lateral͒. OCT uncovers marrow cell membranes and lamellar bone structures. These image details were verified with unstained and stained histology. At surface-near positions of OCT images, the lamellar structure of trabeculae seems to show slightly higher contrast than normal bone histology. This provides a detailed monitoring of bone structure and, with extended periods of time, also a monitoring of bone growth. The imaging of cells might offer further insights of the organism activity. In particular, we anticipate the possibility of monitoring the activity of osteoclasts with OCT. Cell membranes are soft tissue with very low x-ray attenuation compared to bone. As a result, cells probably cannot be imaged clearly by x rays. The bone lamellae, which can be visualized by OCT but not by CT, demand further explanation. A closer look at the OCT and CT systems offers two possible explanations for the lower contrast of CT images. First, CT visualizes mainly substance density, which is quite homogeneous in calcified tissue. 32 On a microstructural level, calcified bone tissue consists of many layers of lamellae, which contain highly directed mineralized collagen fibrils. 32 Next to providing information on the refractive index difference, standard OCT is also sensitive to the directionality of highly organized substances and thus probably also to the direction of collagen fibrils. 25, 33 Based on our findings, we hypothesize that OCT is capable of imaging the lamellar structures due to their high percentage of collagen fibrils. In this respect, it is interesting that the high directionality of the fibrils is also proposed as an explanation of the high contrast of lamellae imaged with high-frequency ultrasound. 32 Second, OCT analyzes the backscattered ͑reflected͒ light. Backscattering ͑reflection͒ is determined by Fresnels equations and thus is directly proportional to the squared refractive index difference. On the other hand, CT contrast is mainly proportional to the density of the material. 34 Although the material density is nearly homogeneous in trabeculae, relevant changes in the squared refractive index difference still might appear and cause the contrast in OCT images.
In summary, OCT provides monitoring of cell activities of cultured, metabolic bone samples. Bone growth over extended periods of time can be observed without ionizing radiation. Due to the inherent invasive nature of extraction of trabecular bone, OCT seems to be particularly relevant for in vitro investigations of these samples. Bone also might be investigated in vivo by OCT with endoscopic equipment. But in this case, only the outer area of the cortical bone can be part of the diagnosis.
